Background
Introduction
Type 2 diabetes (T2DM) is a metabolic disorder characterized by hyperglycemia in the context of insulin resistance and β-cell dysfunction. Its prevalence is increasing at an alarming rate worldwide [1] [2] [3] . Epidemiological and clinical trials have demonstrated that lifestyle, in particular daily diet, is of importance in the development and therapy of T2DM. That adherence to a healthy diet can improve glycemic control has been getting more and more attention of clinicians and nutritionists [4, 5] .
It was reported that high fish and seafood consumption could significantly reduce the incidence of T2DM in the Finnish population [6] [7] [8] . Bang et al. attributed such benefits of fish consumption to its main components, omega 3 fatty acids (in particular for eicosapentaenoic acid (C20:5n-3, EPA) and docosahexaenoic acid (C22:6n-3,DHA))-a group of homologue fatty acids belonging to polyunsaturated fatty acids (PUFAs) [7] . However, recent studies raised inverse standpoints on the benefits of administering omega-3 to diabetic patients for T2DM prevention [9] [10] [11] [12] , which may result in the underestimation the potential benefit of omega 3 in T2DM patients.
These findings trigger the investigations of omega 3 supplementation on glucose homeostasis [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Nevertheless, inconsistent conclusions still remain. These discrepancies may be attributed to differences in study designs such as trial design and duration, ethnic population of participants recruited, as well as dosage administered. Reaching clear-cut conclusions about the benefits of omega-3 administration in diabetic patients is therefore difficult, making a meta-analysis to be of significance as a dietary reference for clinicians.
According to the first related publication of systematic review in the year 2000, omega-3 had no adverse effects on glycemic control in people with diabetes [33] . The most recent systematic review was reported by Hartweg et al, in which omega 3 supplementation was found to lower the plasma level of triglyceride (TG) but have no statistical effect on glucose or insulin [34] . These previous systematic reviews were inconclusive for the diet guidance in diabetic patients. Thus, we systematically examined the randomized clinical trials (RCTs) to explore the definitive evidence on the benefit of omega-3 in patients with T2DM and to identify the appropriate dosage/compositions of omega 3 supplementation.
Methods

Data sources and searches
We searched the Medline, Pubmed, Cochrane Library, Embase, the National Research Register, and SIGLE (from the beginning of each database until last search of the latter in January 2015) (S1 Table) and we used Medical Subject Heading (MeSH) terms and keywords to search for records in English to identify trials involving omega-3 or n-3 or ω-3 fatty acids; docosapentaenoic acid or DPA; eicosapentaenoic or EPA; docosahexaenoic or DHA; fish oil(s)). We combined this with diabetes mellitus, type 2 diabetes or T2DM, to identify participants with T2DM. The bibliographic sections of all publications of included or excluded trials were searched manually for additional retrieval (S1 Fig).
Study selection
Two separate investigators reviewed the titles, abstracts and keywords to determine the relevance of studies. RCTs were considered. Full articles were retrieved for further assessment if the study 1) included subjects with T2DM, 2) included omega 3 fatty acids and placebo/vegetable oil for comparison, 3) had a minimum duration of 2 weeks, 4) assessed clinical measures including HbA1c, fasting plasma glucose (FPG), postprandial plasma glucose (PPG), fasting insulin (INS), triglycerides (TG), total cholesterol (TC), BMI, or body weight (S2 Table) .
Studies were excluded if 1) omega 3 supplementation was not assessed; or 2) multifactorial intervention was not included; or 3) duration of trials were less than 2 weeks; or 4) only an effect estimate was reported with no means to calculate the corresponding CI (S2 Table) .
Data extraction
To minimize bias, all data were extracted independently from the studies by two investigators. Disagreements were resolved by consensus. The data extraction form was comprised of the type of trial (parallel, cross-over, or before-after), type of omega-3 fatty acids, control supplementations, length of intervention, study setting, diabetes diagnosis, baseline characteristics of included subjects (including patient number, age, gender, race, disease duration, complications), and relevant clinical outcomes (including HbA1c, FPG, PPG, INS, TG, TC, BMI, and body weight).
Quality assessment
Two investigators assessed quality scores of studies independently, with inconsistency settled by consensus. We adopted the criterion system developed by Jadad and Schulz [35, 36] , which had a possible range from 0 to 5 with 2 as a cutoff for the selection of high-quality studies.
Statistical analysis
Extracted data from RCTs were analyzed separately to evaluate potential interactions between omega-3 and glycemic control using STATA 11.0 statistical software with fixed-effects model. A random-effects model was applied when the heterogeneity was notable (p<0.1). Effect sizes are presented as weighted mean differences (WMD) with 95% confidence intervals (95% CI). Heterogeneity was assessed using the Chi-square method with significance value set at p<0.1. Risk of publication bias was evaluated using Egger's test with p-value<0.1 as significant bias [37] .
Subgroup analyses were undertaken for the following variables: 1) duration of intervention (less than 8 weeks, longer than 8 weeks); 2) dose of EPA (less than 1.8g/d EPA, more than 1.8g/d EPA); 3) dose of DHA (less than 1.0g/d DHA, more than 1.0g/d DHA); 4) ratio of EPA/DHA (EPA/DHA<1.4, 1.4EPA/DHA1.5; EPA/DHA>1.5); 5) race (US/European versus Asian).
Meta-regression analysis was performed to identify the potential sources of heterogeneity between included studies. p-value<0.1 was set to be statistically significant. Dose of EPA and DHA, ratio of EPA/DHA, trial duration, and race were analyzed in the regression model.
Sensitivity analyses for RCTs were carried out on studies that fulfill 1) higher than 2 points on quality scale; 2) blinding (blinded studies); 3) parallel study design; 4) exclusion of any study especially on large scale (studies with a sample size larger than 100) to estimate the degree they dominate the results.
Results
Description of studies
1445 papers were obtained from electronic searches performed in 2015 and one further trial was found from manual searching. 1324 studies were excluded for not meeting the inclusion criteria, giving a total of 111 studies for full-text articles screen. Finally, 20 RCTs were potentially eligible, which were further described below (Fig 1) . The PRISMA statement is shown in S1 Dataset.
The effect of omega-3 fatty acids on glycemic control and lipid levels was the focus of 20 included RCTs. Criteria for RCTs exclusion included 24 non-randomized studies, 19 non-controlled studies, 13 publications which did not assess omega 3 supplementation, 25 studies including multifactorial intervention, 6 studies that did not include human or adult participants, and 4 trials with short duration less than 2 weeks.
The 20 RCTs included 9 parallel group design [13] [14] [15] [16] [17] [18] [19] [20] [21] , 7 cross-over design studies [22] [23] [24] [25] [26] [27] 32 ] and 4 self-control design studies [28] [29] [30] [31] (S3 Table) . The RCTs could be classified into two categories according to the Jadad system: high quality (score > 2, n = 13), and low quality (score 2, n = 7) (S4 Table) . The RCTs with high quality include 1 study scoring 5/5 [13] , 5 scoring 4/5 [14, 15, 18, 22, 23] and 7 scoring 3/5 [16, 17, 19, 20, 24, 25, 32] , which provided complete information for outcome data, adequate sequence generation, allocation concealment, and withdrawl number. All the included RCTs showed no outcome reporting bias.
A total of 1209 T2DM patients were recruited in the RCTs. The individual study sample size ranged from 6 to 414. The majority of subjects were male, aged between 51 to 64 years. Most participants had a T2DM history of 1 to 17 years, who were treated with lifestyle control or oral anti-diabetic drugs. Few of these included patients presented diabetic complications. The dose of omega-3 varied from 0.52 to 3.89g of EPA and 0 to 3.69g of DHA in T2DM patients. The dose of vegetable oil (including olive oil, safflower oil, corn oil, etc) was comparable to that of omega-3 fatty acids. In all included trials, omega-3 fatty acids were supplemented to the diet instead of a replacement for some dietary fat intake.
Effects of interventions
14 of 20 RCT trials with 735 participants reported data on TG (Fig 2G) . Omega 3 supplementation was related to a mean (pooled WMD) decrease of plasma TG concentration of 0.24 mmol/ L (-0.33 to -0.15 mmol/L, 95% CI) compared to placebo (including vegetable oils). This decrease was remarkably significant (p<0.01) (Fig 2G) . 17 of 20 RCT trials with 906 participants reported data on TC. But the outcome failed to show a significant decrease. Similarly, both glucose control outcomes (FPG, PPG, INS, and HbA1c) and body weight parameters (weight and BMI) with omega 3 intervention presented a non-significant difference when compared with control groups.
A moderate heterogeneity was detected in HbA1c (I-squared = 38.5, p = 0.054, Fig 2E) . Thus, we analyzed these data according to the consumption dose of omega-3 (EPA and DHA), ratio of EPA/DHA, the trial duration, and ethnic populations. Table 1 shows the data from trials with high doses (more than 1.8g EPA) and low doses of EPA (less than 1.8g EPA). The levels of TG in the high dose groups were reduced by 0.3 mmol/L (-0.56 to -0.03 mmol/L, 95% CI, p = 0.03), similar with that in the low dose groups by 0.24mmol/L (-0.34 to -0.13 mmol/L, 95% CI, p<0.01). Besides plasma TG, no significant difference was identified in other clinical measures. Table 2 shows data from trials with high and low doses of DHA and Table 3 demonstrates the data from trials with different durations (Duration > 8 weeks and Duration8 weeks). Similar with EPA subgroups, pooled WMD was significant only in TG levels either according to DHA dosage or duration sub-grouping. Additionally, the high dose (EPA or DHA) and long duration subgroups all contributed to a greater reduction in TG levels. Table 4 shows data from trials with high EPA/DHA ratio (EPA/DHA>1.5), intermediate ratio (1.4EPA/DHA1.5), and low ratio (EPA/DHA1.5). Similarly, TG levels were reduced significantly in these three subgroups with the more significant TG decrease in the high ratio subgroup (high ratio, -0.48 mmol/L, -0.736 to -0.230 mmol/L; intermediate ratio, -0.21 mmol/ L, -0.384 to -0.033 mmol/L; low ratio, -0.20 mmol/L, -0.328 to -0.072 mmol/L). Additionally, a more obvious decreasing tendency was observed in HbAc1, INS, TC, and BMI measures within high ratio subgroup when compared to either low ratio or intermediate subgroups. Although no statistic significance was obtained, the downward trend of these measures was parallel to the increase of the ratios (Table 4) . To our surprise, FPG level was slightly elevated in Asians (0.42 mmol/L, 0.058 to 0.781 mmol/L, p = 0.023) but with no significant change in Western population (0.09 mmol/L, -0.154 to 0.330 mmol/L, p = 0.477). Due to the limitation in study number, pooled analysis failed to be performed for PPG parameter (Table 5) . Moreover, Asians showed a more marked decrease in TG level when compared to subjects within US/European group. Non-significant results were found for other assessed biomarkers including plasma insulin, HbA1c, TC, BMI, and weight although ethnic population subgroups were analyzed (Table 5) .
Subgroup analysis and heterogeneity
Moderate degree of heterogeneity for HbA1c was observed in all subgroup analyses. Thus, we performed meta-regression analysis to explore the source of heterogeneity based on the following covariates: dose of EPA (p = 0.551) and DHA (p = 0.514), ratio of EPA/DHA (p = 0.421), trial duration (p = 0.415), and race (p = 0.134). The results revealed that no one significant factor was responsible; however, the race tended toward heterogeneity (p = 0.134). Table. The overall effect of omega-3 intervention remained unchanged for most markers (FFG, PPG, HbA1c, TG, TC, BMI, and Body Weight) when 1) quality score of included studies were three or more; or 2) included studies were parallel design; or 3) included studies were blinded; or 4) studies with large sample size were excluded [18] . This means that the combined results for clinical outcomes listed above were stable though the specified variables changed. The outcome of insulin levels was more sensitive to study design. Including only parallel group studies resulted in a significant decrease of fasting insulin.
Risk of bias and sensitivity analyses
Discussion
This meta-analysis pooled 20 RCTs of omega-3 supplementation with a total of 1209 T2DM patients to extend previous systematic reviews. It was found that, in the reviewed RCT studies, supplementation of omega-3 fatty acids presented a statistically significant TG decreasing effect. This effect was most remarkable in studies that gave a high dose of omega-3 and with a longer duration, which were in accordance with previous reviews [33, 34] . However, omega-3 supplementation did not cause any significant change in TC, FPP, PPP, HbA1c, INS or BMI. Interestingly, this study found that relatively high ratio of EPA/DHA contributed to a greater decreasing tendency in HbAc1, INS, TC, TG, and BMI measures. It is known that omega-3 (n-3) fatty acids include EPA, DHA, etc. Although no statistical significance was identified in these clinical outcomes (except TG), this meta-analysis study assumes the ratio and percentage of consumed mixed omega-3 fatty acids (in particular for the ratio of EPA/DHA) to be one important variable which influences the effects of omega 3 fatty acids on glucose homeostasis and lipid profiles. Although no statistical significance but the decreasing trend identified in fasting insulin according to our analysis, animal studies supported the positive effect of omega 3 on the improvement of insulin sensitivity [38, 39] . A more recent study by Molinar-Toribio et al reported that the relatively high ratio of EPA/DHA supplementation significantly decreased inflammation status and resultantly improved the insulin sensitivity in pre-diabetic rats [40] , which is accordant with our speculations. The small sample size, limited study number, and short trial duration may contribute to the non-statistical effect. Additionally, there is no consensus on the optimal cutoff of the ratio of EPA/DHA. Amongst the included trials, the ratios ranged from 0.60 to 1.87 with the cut-off points 1.4 and 1.5 as the tertiles. An appropriate cutoff for this ratio is remained to be explored, which may be a helpful reference for dietary counseling: whether daily supplementation of omega-3 with high EPA/DHA ratio is necessary in T2DM patients. Similarly, our findings from RCT trials suggest that omega-3 supplementation was unable to affect either plasma glucose levels or HbA1c except increased fasting glucose levels in Asians. Can these findings discourage the use of omega-3 in T2DM patients? Recent meta-analyses from observational studies obtained a positive conclusion that omega 3 could significantly reduce T2DM risk in Asians [12, 41, 42] , which is contrary to our findings. The study duration may be one possible explanation for such discrepancy. Most of the included RCT trials were performed within 12 weeks, which is far shorter than those observational studies. The short duration of RCT trials may cause the null effect on glucose control. It is known that HbA1c represents an integrated measure of glycemic control over a period of approximately 12 weeks. The use of such measurements in studies of short duration may under-estimate any effects on glycemic control. Longer duration of RCT trials is required to obtain more reliable conclusion. Additionally, elevated FPG in Asians may be attributed to the included T2DM subjects in RCTs. The subjects recruited in observational studies were healthy individuals rather than diabetic patients. Thus, we assumed that early intervention with omega 3 in healthy population may be important; while the effect of omega 3 on glucose control may be decreased or eliminated when individuals have already developed to T2DM. Our data may provide some dietary reference for clinicians or nutritionists who treat or manage patients with T2DM. The composition of mixed omega 3 fatty acids (especially the ratio of EPA/DHA) may affect their effect on glucose control and lipid levels. Additionally, early supplementation of omega 3 in healthy individuals may bring out more beneficial clinical outcomes. 
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